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Direct visualization of an incommensurate unidirectional charge density wave in La;NizO;g
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Superconductivity emerges in both LazNi,O; and LayNi3;O,o under high pressure by suppressing their density-
wave (DW) transitions, but critical temperature (7;) differs significantly between these two compounds. To gain
deeper insights into the distinct superconducting states, it is essential to unravel the nature of the DW states at am-
bient pressure, a topic that remains largely unexplored. Here, using scanning tunneling microscopy/spectroscopy,
we report the direct visualization of an incommensurate unidirectional charge DW (CDW) in LayNizOj in real
space. The density of states (DOS) is strongly depleted near Ef, indicating the opening of a CDW gap of 2A ~
71 meV, which is unfavorable for the formation of superconductivity at ambient pressure. We propose that the
CDW arises from Fermi surface nesting and is likely a subsidiary phase of a spin-DW. Compared with La;Ni, O7,
the weaker electronic correlation in Lay;Ni3;Oy is likely one reason for the lower T...
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I. INTRODUCTION

The discovery of superconductivity in pressurized
Ruddlesden-Popper (RP) phase La3Ni,O; and LayNizO;q or
their thin film forms has significantly advanced research
on nickelate superconductors [1-15]. Unlike cuprate
and iron-based superconductors where superconductivity
exists across various structural types [16,17], so far,
superconductivity has only been observed in two RP phase
nickelates and infinite layer thin films [1-15,18-23]. The
critical temperature (7;) in bilayer LazNi,O7 is ~80 K,
significantly higher than 7, ~ 30K in trilayer LasNizOg,
contrasting with cuprates where the highest 7. is found
in systems with three CuO, layers [16]. To gain deeper
insights into nickelate superconductors, comparative study of
LazNi>O7 and LasNi3Oqg is essential.

At ambient pressure, both LazNi;O7 and LayNizOy¢ ex-
hibit density-wave (DW) transitions at ~100-150 K [24-42],
which are suppressed by high pressure, and then superconduc-
tivity emerges [1-12], analogous to cuprate and iron-based
superconductors [16,17]. The DW fluctuations are consid-
ered the pairing glue of high-temperature superconductivity,
making the understanding of these DWs crucial for un-
covering high-temperature superconducting mechanisms. For
La3Ni; 07, well-defined optical-like magnetic excitations have
been observed via resonant inelastic x-ray scattering and
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neutron scattering [32,33], and the magnetism has been fur-
ther confirmed by nuclear magnetic resonance (NMR) and
muon spin relaxation studies [34,38,39]; however, the ex-
istence of charge DWs (CDWs) is controversial [34,40,41],
probably due to weak CDW amplitude. The existence of oxy-
gen vacancies, structural intergrowth, and phase separation
in LazNi,O; single crystals further hinders the investiga-
tion [3,43,44]. In contrast, La;NizO,o single crystals show
higher uniformity and sample quality. Intertwined CDW and
spin-DW (SDW) were reported by x-ray diffraction (XRD)
and neutron scattering studies [27], and density functional
theory shows that the susceptibility reaches maxima near
the SDW wave vector, indicating its origin from Fermi
surface (FS) nesting [27]. Subsequently, angular resolved
photoemission spectroscopy (ARPES), optical spectroscopy,
and NMR measurements have revealed possible DW gaps,
but the gap size and momentum location vary significantly
[25,35-38]. Therefore, more experimental evidence for the
DWs in RP phase nickelates is needed, especially the di-
rect visualization of their spatial distribution in real space,
the exact gap size, and the underlying mechanism. Scan-
ning tunneling microscopy/spectroscopy (STM/STS), with
unique high spatial and energy resolution, plays a crucial
role in revealing the nature of DWs and their influence
on electronic structure [45,46]. In this letter, by using
STM/STS, we directly observe an incommensurate unidi-
rectional CDW in LayNi3Oj in real space, and the density
of states (DOS) is significantly depleted between —32 and
39 meV. Possible FS nesting scenarios are discussed, suggest-
ing that the observed CDW could be a subsidiary phase of a
SDW with qgpy = Sqcpw-

©2025 American Physical Society
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FIG. 1. Bulk crystal structure and surface lattice distortion of La;Ni;O¢. (a) Bulk crystal structure of La;Ni3O¢. (b) Top view of panel
(a). The blue arrows mark the tilt directions of NiOg octahedra in the bc plane, resulting in an orthorhombic unit cell indicated by the black
box. The magenta box indicates the smallest period of the La atomic lattice. (c) Temperature-dependent resistance curve of LayNizO1g. (d) and
(e) Typical topographic and FFT images of the LaO-I surface. (f) Magnified view of the area indicated by the blue box in panel (d). The sites
of the La atoms are marked out by green spots. (g) Sketch of lattice distortion on the LaO-I surface. The translucent green spots represent the
original La sites, which move along the violet arrows, resulting in distorted lattice as indicated by the solid green spots. A larger 4b period
along the b axis is induced, and the lattice planes corresponding to Bragg spots of q; and q, are indicated by the black arrows. Measurement
conditions: (d) V, = —10mV, I, = 30pA; (f) V;, = —40mV, I, = 100 pA.

II. RESULTS AND DISCUSSION

A. Surface reconstruction of Las;Ni;O;¢ crystals after cleavage

Figure 1(a) shows the crystal structure of LasNizOyg
at ambient pressure; an orthorhombic in-plane unit cell is
formed due to the tilt of NiOg octahedra in the bc plane
[Fig. 1(b)]. The temperature-dependent resistance curve re-
veals a metal-to-metal transition at Tpw ~ 138 K [Fig. 1(c)],
which was considered as concomitant SDW/CDW transitions
[24,26-30,35-38,42]. After cleaving LayNizO crystals (see
more experimental methods in Sec. S1 in the Supplemental
Material (SM) [47]), both LaO-I and LaO-II surfaces are
exposed, and in our STM study, we mainly focus on LaO-I
surface, as it is atomically flat (please see Sec. S2 in the SM
[47] for more details).

Figures 1(d) and 1(e) show the typical topographic image
and fast Fourier transformation (FFT) image of LaO-I sur-
face, respectively. Five sets of nondispersive diffraction spots
are identified and labeled as Qgrage, Qs> 91(q2), q3, and qq,
respectively. In addition to qprag; and qy that correspond to
the original La atomic lattice and its \/§R45° reconstruction
due to the tilt of NiOg octahedra [magenta and black boxes in
Fig. 1(b)], the remaining three sets of diffraction spots can-
not be accounted for by bulk crystal structure [9,24,26-30].
From the atomically resolved topographic image [Fig. 1(f)],
positions of La atoms are identified, proving further distortion.
Figure 1(g) shows the schematic lattice distortion, explaining
well the additional diffraction spots and resulting in larger 2b
and 4b periods in the b axis (please see Sec. S3 in the SM
[47] for more details), which modulate the DOS simultane-
ously and will be discussed later. Considering that previous

XRD measurements on bulk LasNi;O;o did not detect such
lattice distortion [26—-30] and STM is a surface-sensitive tech-
nique, such lattice distortion should exist solely on the cleaved
surface.

B. CDW distribution on the LaO-I surface

Since the topographic images of the LaO-I surface are
significantly influenced by lattice reconstruction, it is diffi-
cult to discern CDW modulations; comparatively, differential
conductance maps are more sensitive to charge modula-
tions. Several representative d//dV maps on the LaO-I surface
are listed in Fig. 2(a) (see Sec. S4 in the SM [47] for
more datasets); distinct unidirectional charge stripes along
the a axis are observed; in the corresponding FFT images
[Fig. 2(b)], a new set of diffraction spots appears along the
b axis, as indicated by cyan arrows, in addition to the diffrac-
tion spots originating from lattice reconstruction. Comparing
with the FFT intensity profiles of topographic image [red
curve in Fig. 2(c)], the new set of diffraction spots is sig-
nificant in dI/dV maps and nondispersive at all measured
energies; its wave vector qcpw ~ 0.76q,, consistent with pre-
vious XRD report [27]. Therefore, it is tentatively assigned
as a CDW, and we will provide more evidence below and
investigate whether a CDW gap opens at E.

Figure 3(a) shows a typical topographic image of the same
sample region as in Fig. 1(d), and Fig. 3(b) displays the typical
d1/dV spectrum collected on it. The DOS is strongly depleted
within ~#£40 meV, resulting in a roughly symmetric gaplike
feature at Ex. Additionally, there are several distinct peaks lo-
cated at ~—130, —44, —32, 39 and 84 meV, which are labeled
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FIG. 2. Direct visualization of CDW on the LaO-I surface. (a) and (b) Representative df/dV maps and corresponding FFT images under
different energies. (c) Profiles of FFT intensity at different energies, taken along cut #1 in panel (b). The red curve shows the FFT intensity
profile of Fig. 1(e), which is listed for comparison. Measurement conditions: (a) V, = —200mV, I, = 50pA, AV =14 mV.

as P; — Ps, respectively. A similar spectrum is observed on the
LaO-II surface, except that the sharp peaks and gaplike feature
are slightly weakened (Sec. S5 in the SM [47]). Figures 3(c)

Low Il W High

and 3(d) display the spatial DOS oscillations along cuts #2
and #3 in Fig. 3(a). The DOS is distributed uniformly along
the a axis (Figs. 3(c) and S5(a) in the SM [47]), while it
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FIG. 3. Typical dI/dV spectra and DOS oscillations on the LaO-I surface. (a) Typical topographic image of the LaO-I surface. (b) Typical
di/dV spectrum of the LaO-I surface, exhibiting several peaks labeled as P; — Ps, respectively. (c) and (d) Color plots of dI/dV spectra collected
along cuts #2 and #3 in panel (a). (e) Spatial DOS oscillations at energies corresponding to P; — Ps along cut #3, which are shifted and scaled for
clarity. The fitting results are plotted out by the broken lines. Measurement conditions: (a) V, = —20mV, I, = 30 pA; (b)—(d) V, = —200mV,
I, = 50pA, AV=4mV.
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TABLE I. Fitting parameters for the DOS oscillations of P; — Ps.

Peak Ap Acpw Ay Ay Ycpw
P, 0.0346 0.1805 0.0958 0.0324 1.257
P, 0.0730 0.6443 0.0313 0.1475 0.337
P; 0.1916 0.1487 0.7429 0.4857 0.41m
Py 0.0504 0.0653 0.4029 0.2407 1.467
Ps 0.2644 0.2899 0.2768 0.4555 1.287

is strongly modulated along the b axis [Fig. 3(d)]. Taking
P, — Ps as examples, Fig. 3(e) illustrates the spatial DOS
oscillations at corresponding energies, revealing significantly
different periods.

As discussed above, lattice reconstructions and CDW co-
exist along the b axis and modulate the DOS simultaneously.
Therefore, we consider four cosine components with periods
of b, 1.316b, 2b, and 4b to fit the experimental data shown in
Fig. 3(e); here, the 1.316b period corresponds to qcpw. The
fitting function is expressed as follows:

dr d
W(d) = A, cos <27t5 + g0b>

d
20—
13160 ‘”CDW)

+ Acpw cos <

d d
+ Ay, cos (271 oA + <p2b> + Ayp, cOs (271 y + <p4b>

+ Cid + G,

where b, dI/dV, and d represent the b-axis lattice constant
of LagNizO;y (~0.54 nm), the measured differential conduc-
tance, and the spatial distance, respectively; The parameters
¢ and A, with different subscripts, denote the initial phases
and amplitudes of different components, while C; and C, are
coefficients for a linear background, which has minimal im-
pact on our analysis. The fitted results are shown as the black
dashed curves in Fig. 3(e), and the primary fitting parameters
are listed in Table I. It is obvious that the relative proportions
of four components vary with energy, resulting in complex
energy-dependent DOS oscillation patterns and periods in real
space (Figs. 2(a) and S3 in the SM [47]). Section S6 in the SM
[47] presents more datasets for spatial DOS oscillations along
a and b axes, and the fitting results are qualitatively consistent.
For P; and P,, the dominant periods of DOS oscillations
are both 1.316b; for P; and P4, the DOS primarily oscillates
with periods of 2b and 4b, while for Ps, all four components
contribute equally, resulting in a more complex pattern. When
focusing solely on the CDW component, we find that the
CDW phase is nearly reversed between P3 and P4, consistent
with the typical characteristics of CDW [48,49]. Additionally,
P3; and P4 correspond to the energies where rapid DOS de-
pletion begins [Fig. 3(b)], which might be responsible for the
clear jump of resistance around Tpw ~ 138 K. Therefore, P53
and P, are identified as the edges of a CDW gap, which opens
between —32 and +39 meV, i.e., 2A ~ 71 meV.
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FIG. 4. Possible nesting scenarios for the DWs in LayNiz;Oyy.
The experimental FS is reproduced from Ref. [36].

C. Discussion on the origin of CDW in LayNiz Oy

Although a DW-like transition has been suggested in
LayNizOy by several techniques [24-30,35-38,42], in our
study, we provide a direct visualization of a CDW in real
space. The CDW exhibits several key characteristics: (1) it
is incommensurate with qcpw & 0.76q; and propagates uni-
directionally along the b axis coinciding with the tilt of NiOg
octahedra; (2) it is robust against surface lattice reconstruc-
tions; and (3) its gap size of 2A ~ 71 meV aligns well
with Tpw = 138 K. These observations suggest an electronic
origin of the CDW, such as nesting of FS patches [50,51].
We then consider possible nesting conditions based on the
experimental FS of LayNizO;¢ by ARPES measurements [36],
as sketched in Fig. 4. Although LasNi3O;o possesses an or-
thogonal lattice in the ab plane and the surface is further
distorted after cleavage, the measured FS by ARPES is rather
C4 symmetric [36]. Given that the CDW is unidirectional
along the b axis, we focus solely on the nested wave vectors
along the I' — Y direction.

We initially attempted to use qcpw and 1 — qcpw for
nesting; however, there are no two parallel FS patches that
could be connected by these wave vectors. Nevertheless,
authors of previous XRD and neutron diffraction studies
have demonstrated that CDW and SDW emerge simultane-
ously below Tpw, with the wave vector qcpw = 2qspw [27].
Similar relationships have been observed in metal Cr, MnP,
and (Li,Fe)OHFeSe, indicating intertwined CDW and SDW
orders, where the SDW typically dominates [51-53]. Xu et al.
[37] did not observe any signature of the CDW amplitude
mode in LayNiz O, demonstrating that the SDW is more pre-
dominant. Considering this possibility, we use qspw = 0.38q;
and 1 — qspw = 0.62q, for nesting. Two possible nesting
conditions are illustrated in Fig. 4. The magenta arrow con-
nects two parallel FS patches of B bands near the S point of
the Brillouin zone, with a wave vector of ~ 0.38(;, very close
to qspw, while the red arrow connects the parallel FS patches
of the « band at " and the 8 band at Y, with a wave vector of
~ 0.6qp, close to 1 — qspw. It is worth noting that the latter
aligns with previous theoretical calculations that susceptibility
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reaches its maximum at this wave vector [27]. These anal-
yses support the idea that a SDW is induced by FS nesting
in LasNizOyo, with the observed CDW as an accompanying
order. Moreover, the unidirectionality of SDW/CDW might
be related to in-plane bond anisotropy, probably the unidirec-
tional tilt of NiOg octahedra along the b axis, as studied before
in cuprates [54,55].

CDWs typically open an energy gap on the FS patches con-
nected by their wave vectors; thus, determining the location of
the gap on the FS is a direct way to identify the correct nesting
scenario. In our STM study, we suggest a DW gap of 2A ~ 71
meV, but its precise location on the FS is difficult to determine
because of lack of momentum resolution in STM. We attempt
to compare our results with those from other techniques but
encounter significant discrepancies in both gap size and cor-
responding momentum locations. Optical spectroscopy and
NMR measurements have revealed a DW gap of 60 and
50 meV, respectively [37,38], while APRES measurements
by two groups have demonstrated an energy gap of 12 and
20 meV, which locate at different FS patches [25,36]. The
discrepancies between different techniques highlight the need
for further investigation.

The incommensurate SDW induced by FS nesting in
LasNizO,p suggests an itinerate magnetism picture. An SDW-
like transition at ~150 K has also been proposed in La3zNi,O;
but with a commensurate wave vector and spin stripe or-
ders based on an effective Heisenberg model as proposed in
Refs. [32,33], which differ from LasNi3O;9. Although the
FS configurations of LazNi,O7 and LayNizO are very simi-
lar [25,36,56-58], the differences in SDW properties suggest
distinct magnetic exchange interactions. Authors of optical
spectroscopy and ARPES studies have revealed that the elec-
tronic correlations in LazNi;O; are much stronger than in
LayNizOq9 [25,35-37,40,56-59], with the former possibly
favoring local magnetic exchange interactions [32,33]. This
difference in electronic correlation and magnetic interaction
may help explain the significant variation in 7, values between
pressurized LazNi,O7 and LayNizOq.

Furthermore, as revealed in the phase diagram [8-11],
superconductivity emerges when the DWs are suppressed at
high pressures, indicating a competitive relationship between
DWs and superconductivity. Both our STM results and those

of previous optical spectroscopy experiments show severe
DOS depletion at Er in LayNizO,g below Tpw, which is un-
favorable for the formation of superconductivity at ambient
pressure. To further compare the properties of LazNi,O7 and
LayNizOy9, STM studies on LazNi,O; are also urgent, as
the microscopic details of spin and charge modulations can
be directly revealed. We are aware of recent STM work on
La3Ni;O7 in which gaplike features within +98 and —92 meV
were reported, but the rough surface limits the observation of
DOS modulation [60].

III. CONCLUSION

In summary, we report the direct visualization of an incom-
mensurate unidirectional CDW in LasNizOj in real space and
reveal a DW gap of 2A ~ 71 meV accompanied by significant
DOS depletion near Eg. Possible FS nesting scenarios are
proposed, suggesting that an SDW with qspw = %qCDW is
the parent phase of the observed CDW. We also compare
our findings with those from other techniques and discuss
the differences between La;NiyO; and LasNiz O, suggesting
that the weaker electronic correlation in LasNi3Oj9 may be
one reason for the lower 7.
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